The biogeochemical redox processes of iron can influence iron mineralization, contaminant transformation and the fate of nutrients. Fe(II) can be chemically/biologically oxidized by O 2 under oxic conditions or by other oxidants under anoxic conditions. This review focused on microbially mediated NO 3 − -reducing Fe(II) oxidation (NRFO) under anoxic conditions. NRFO processes have been reported to play important roles in Fe/N interactions under neutral-anoxic conditions; however, the mechanism for the metabolic process is largely unknown. Although the Fe-N coupling process was previously identified as a biological process, it has been recently documented that this process is mediated by both chemical and biological mechanisms. Nitrite and NO, the intermediate products of biological nitrate reduction, are able to chemically react with Fe(II) in this system. The importance of enzymatic Fe(II) oxidation has been overestimated. Therefore, the contributions of biological processes and chemical processes to Fe(II) oxidation remain unclear. This review aimed to comprehensively clarify the roles of the biological and chemical processes involved in NRFO. Further studies are necessary to completely answer the question of whether NRFO bacteria can perform enzymatic Fe(II) oxidation coupled with nitrate reduction or if it should be considered a biologically induced, chemical side effect of biological nitrate reduction in Fe(II)-bearing environments.
GENERAL INTRODUCTION
Iron is the fourth most abundant element in Earth's crust as well as the most prevalent redox-active metal in the biosphere (Kappler and Straub 2005) . The natural iron cycle includes Fe(III) reduction and Fe(II) oxidation. Fe(II) can be oxidized by O 2 via chemical processes or biological processes under oxic conditions (Emerson, Fleming and McBeth 2010) . Chemical Fe (II) oxidation occurs rapidly in the presence of O 2 at neutral pH, and the Fenton reaction between Fe(II) and O 2 has been extensively investigated (Jain et al. 2018) . The biological processes of Fe(II) oxidation at circumneutral pH are mediated by microaerophilic Fe(II)-oxidizing bacteria at low O 2 concentrations (Hedrich, Schlomann and Johnson 2011) . Because of the absence of O 2 in anoxic environments, other oxidants can replace O 2 for Fe(II) oxidation (Picardal 2012) . Because the microbes do not have to compete with the processes of chemical Fe(II) oxidation by O 2 , nitrate reduction and Fe(II) oxidation (NRFO) is a favorable adaptation under anoxic conditions. NRFO is restricted to anoxic conditions and may have an important role in the microbially mediated oxidation of Fe(II) to Fe(III) in the upper few millimeters of sedimentary or terrestrial environments (Melton et al. 2014a ). As such, NRFO has the potential to contribute to Fe(II) oxidation on a global scale. However, the quantitative significance of this metabolism to global nitrogen cycling is currently unknown (Weber, Achenbach and Coates 2006) .
Nitrate is one of the essential environmental components in the biosphere and is one of the most widely freely accessible species in the global nitrogen inventory (Kuypers, Marchant and Kartal 2018) . It serves as a nutrient for plants and microorganisms and is used as an electron acceptor by many Bacteria and Archaea and by several Eukaryotes (Zumft 1997; Hayatsu, Tago and Saito 2008) . Nitrate respiration is a common process in microorganisms (Castresana and Saraste 1995; Ducluzeau et al. 2009 ). Although dissimilatory nitrate reduction is most likely less important than nitrate assimilation-related fluxes, the intermediate products of dissimilatory nitrate reduction may have more important effects on elemental biogeochemical processes, such as Fe(II) oxidation in environments without oxygen (Kuypers, Marchant and Kartal 2018) .
Under anoxic conditions, while the direct chemical reaction between nitrate and Fe(II) is unlikely to occur (Picardal 2012) , denitrification coupled with Fe(II) oxidation is mainly mediated by NRFO bacteria, which were discovered more than two decades ago (Klueglein and Kappler 2013) . The bacteria that can couple NRFO are not restricted to environments with light and oxygen, so they are likely more abundant than phototrophic bacteria and microaerophilic bacteria (Kappler and Straub 2005; Emerson 2012 ). The importance of NRFO processes has been highlighted in iron-containing sediments (Sorokina, Chernousova and Dubinina 2012) ; submarine hydrothermal system (Hafenbradl et al. 1996; Emerson and Moyer 2002) ; ferruginous lakes (Michiels et al. 2017) ; paddy soil (Ratering and Schnell 2001) and wetland sediments (Weiss, Emerson and Megonigal 2004; Weber et al. 2006a; Wang et al. 2015) , and the potential for Fe-N metabolism on Mars has also been suggested (Price et al. 2018) . It was considered previously that NRFO was a biological process (Klueglein and Kappler 2013) ; however, almost all reported NRFO bacteria can directly reduce nitrate via the denitrification pathway, and the intermediates (nitrite and NO) of denitrification can chemically oxidize Fe(II) quickly (Picardal 2012) . Therefore, the question was raised of whether and to what extent the observed Fe(II) oxidation is enzymatically driven (biological processes) or is the result of oxidation by nitrite/NO (chemical processes). In this review, the NRFO bacteria in different environments were comprehensively summarized, and the underlying mechanisms in NRFO system were subsequently discussed from the chemical processes and enzymatic processes.
Bacteria coupling NRFO
The first enrichment culture for NRFO was isolated from freshwater sediment (Straub et al. 1996) , and the most reliable taxonomic identifications of NRFO bacteria (Table 1) were reported in the past two decades. Most bacteria that can mediate NRFO are mixotrophic and require organic co-substrates, such as acetate, to continually oxidize Fe(II) and reduce nitrate (Li et al. 2014) . This situation leads to the question of whether Fe(II) oxidation is enzymatically catalyzed or merely a chemical reaction caused by reactive N intermediates of heterotrophic nitrate reduction (Klueglein and Kappler 2013) . Furthermore, it was observed that 90% of nitrate-reducing bacteria could oxidize Fe(II) with nitrate and organic substrates (Kopf, Henny and Newman 2013) . A few strains were also found to survive under autotrophic growth conditions without any organic substrate and just using Fe(II) as a sole electron donor and CO 2 as a sole carbon source (Hafenbradl et al. 1996; Kumaraswamy et al. 2006; Weber et al. 2006b; Zhao et al., 2013 Zhao et al., , 2017 , and their autotrophy were similar to the widespread O 2 -dependent iron-oxidizing bacteria under oxic conditions (Emerson, 2012) . While most O 2 -dependent ironoxidizing bacteria are autotrophs, it is unique that NRFO bacteria are mostly heterotrophs (or mixotrophs). According to the most recent hypotheses on microbially mediated coupling of NRFO (Fig. 1) , the habitats and metabolic pathways of NRFO bacteria, including mixotrophs, heterotrophs and autotrophs, are discussed.
NRFO mixotrophs can directly reduce nitrate in the pr.esence of organic electron donors via heterotrophic processes, and simultaneously, the co-existing Fe(II) can also donate electrons to nitrate via autotrophic processes. NRFO bacteria have been isolated from various anoxic environments, and most of them were isolated from the sediments. This bacterial process may have significant contributions to Fe(III) formation in the anoxic zone of aquatic sediments. Dechlorosoma suillum strain PS from a swine waste lagoon (Chaudhuri, Lack and Coates 2001) and Dechloromonas sp. UWNR4 from river sediments (Chakraborty and Picardal, 2013a) were also found to be capable of rapidly oxidizing Fe(II) with nitrate as the electron acceptor and acetate as the electron donor under strict anoxic conditions. Kappler, Schink, and Newman (2005) isolated and characterized an anaerobic NRFO bacterium (Acidovorax sp. strain BoFeN1) from lake sediments. During mixotrophic growth with an organic cosubstrate (acetate) plus Fe(II) and nitrate as the electron acceptor, strain BoFeN1 forms Fe(III) mineral crusts around the cells. Similarly, other strains of Acidovorax sp. (BrG1, 2AN, and TPSY) were also found in freshwater/ditch sediments and groundwater (1996Straub et al. 1996 (1996Straub et al. , 2004 Byrne-Bailey et al. 2010; Carlson et al. 2013; Chakraborty and Picardal 2013b) . In the same ditch sediments, two other strains (Aquabacterium sp. BrG2 and Thermomonas sp. BrG3) were also observed to have the capacity of coupling Fe(II) oxidation and nitrate reduction in the presence of acetate (Straub et al., 1996 (Straub et al., , 2004 . A neutrophilic iron-oxidizing bacterium (Hoeflea siderophila Hf1) was isolated from the ironcontaining sediments of the brackish low-temperature iron-rich spring of the Staraya Russa Resort, and the strain was capable of mixotrophic and organoheterotrophic growth with Fe(II) oxidation and reduction of nitrate (Sorokina, Chernousova and Dubinina 2012) . Analyses of the microbial communities during Fe-N redox oscillations in goethite suspensions and microflora from freshwater river floodplain sediments showed that the NRFO cultures were dominated by denitrifying Betaproteobacteria (e.g. Dechloromonas) and Fe(III)-reducing Deltaproteobacteria (Geobacter), respectively; these same taxa were dominant in the Fe cycling cultures, and both Geobacter and various Betaproteobacteria participated in NRFO in the cycling cultures (Coby et al. 2011) .
Beside sediments, some NRFO bacteria have been isolated from soils, groundwater and some artificial systems. Mixotrophic NRFO bacteria from a soil layer 3-4 mm deep were reported to have cell numbers of 1.6 × 10 6 bacteriag −1 dry soil, and both the enrichment and pure cultures could grow anaerobically with ferrous iron as the only electron donor or as an additional electron donor in the presence of acetate (Straub et al. 1996; Straub and Buchholz-Cleven 1998) . Fe(II) oxidation Hafenbradl et al. (1996) coupled with nitrate reduction was found to occur in paddy soil, and a molecular analysis of the diversity of NRFO bacteria revealed that the ability to oxidize ferrous iron with nitrate was widespread among the Proteobacteria and can also be found among the gram-positive bacteria with a high GC content in DNA (Ratering and Schnell 2001 NRFO heterotrophs need organic electron donors to biologically reduce nitrate, but Fe(II) oxidation occurs by just chemical processes with an intermediate of nitrate reduction (nitrite or NO); hence, most NRFO heterotrophs are denitrifying bacteria. Because denitrifying bacteria are so widespread in different environments, heterotrophic NRFO processes should also be widespread in Fe(II)-bearing anoxic environments. Three Paracoccus denitrificans strains (ATCC17741, ATCC19367 and Pd 1222) were isolated from different soils as NRFO heterotrophs, and they could use acetate as electron donors for denitrification and subsequently oxidize Fe(II) with nitrite (Muehe et al., 2009; Klueglein et al., 2014) . The results of the kinetic analysis of Pseudomonas stutzeri LS-2, a denitrifying bacterium isolated from paddy soil in southern China, indicated that once nitrate was reduced to nitrite by P. stutzeri LS-2, the nitrite chemically reacted with Fe(II), and the concomitant Fe(III) oxide formation and cell encrustation led to an inhibition of denitrification (Li, Li and Li 2018). Changes in the composition and diversity of microbial communities were examined in a microcosm during anaerobic NRFO at circumneutral pH in paddy soil Hu et al. 2017) . Azospira, Zoogloea and Dechloromonas dominated during nitrate reduction in the presence of Fe(II). The nitrite produced by these nitrate-reducing bacteria can also oxidize Fe(II) abiotically. Besides soils, NRFO heterotrophs were found in sediments and other anoxic environments. Strain HidRe2, isolated from brackish water sediment, was found to be able to oxidize Fe(II) anaerobically with nitrate at a pH of approximately 7 in the presence of acetate; however, this strain was also found to be widespread among mesophilic denitrifying bacteria (Benz et al., 1998) . Regarding heterotrophs (denitrifying bacteria) in the microbial community, it was noted that in the anoxic top layer of littoral freshwater lake sediment, nitrate-reducing and phototrophic Fe(II)-oxidizers compete for Fe(II). A Pseudomonas stutzeri strain (ATCC 17 588), isolated from human spinal fluid, was also found to have the capacity of denitrification with acetate and chemical Fe(II) oxidation (Muehe et al., 2009) . The nitrate-reducing bacteria oxidize Fe(II) when it is dark, and phototrophs play a dominant role in Fe(II) oxidation during daylight (Melton, Schmidt and Kappler 2012) . These findings increase the understanding of the processes of nitrate reduction in the absence and presence of Fe(II) in anoxic environments at circumneutral pH and extend our knowledge of the microbial communities involved in these processes . NRFO autotrophs do not require an organic electron donor as a co-substrate but use CO 2 as a sole carbon source, and nitrate reduction is coupled with the Fe(II) oxidation using Fe(II) as a sole electron donor. Most current studies on NRFO autotrophs were reported for sediments. The enrichment culture (culture KS) from the suboxic zone of aquatic sediments is an autotrophic NRFO system that can completely oxidize Fe(II) coupled to complete denitrification to generate N 2 , so it has been used as a model system in many relevant studies of NRFO (Weber, Picardal and Roden 2001; Blöthe and Roden 2009; He et al. 2016) . Weber et al. (2006b) isolated a Fe(II)-oxidizing bacterium, strain 2002, from anoxic freshwater lake sediment. While their results suggested that strain 2002 was an anaerobic, mesophilic, neutrophilic Fe(II)-oxidizing lithoautotroph, it cannot be indefinitely cultivated under lithoautotrophic conditions with Fe(II), and the exact metabolic pathway remains unknown (Kappler et al. 2015) . Bosch et al. (2012) provided evidence for the capability of Thiobacillus denitrificans to anaerobically oxidize a putatively nanosized pyrite particle fraction with nitrate as an electron acceptor in the sediments contain pyrite. A neutrophilic, autotrophic bacterium (Azospira bacterium TR1) that couples iron oxidation to nitrate reduction under anoxic conditions was isolated from a working bioremediation site in Trail, British Columbia (Mattes et al. 2013) . A denitrifying bacterium (Microbacterium sp.) was isolated using bicarbonate as the sole carbon source from deep sediments , and the strain could use Fe(II)-EDTA as the only electron donor for nitrate reduction; no cell encrustations occurred, and no supplementary substrates were consumed.
Two Pseudomonas species (W1 and SZF 15) were isolated from soils (Zhang et al. 2015) and freshwater sediments (Su et al. 2015) , and they were characterized in terms of their ability to perform nitrate removal coupled with anaerobic Fe(II) oxidation under autotrophic growth conditions; the results suggested that the maximum nitrate removal corresponded to 71% of the total Fe(II) oxidation. A coccoid, anaerobic, Fe(II)-oxidizing archaeon (Ferroglobus placidus DSM 10 642) was isolated from a shallow submarine hydrothermal system at Vulcano, Italy, and was identified as a neutrophilic hyperthermophile that grew between 65
• C and 95
• C (Hafenbradl et al. 1996) . Despite the above findings on autotrophic NRFO bacteria and the possible autotrophic processes, it remains uncertain whether the NRFO reactions did not actually require a co-substrate. Even though organic electron donors were excluded in the incubation experiments, it was not possible to exclude the cell-stored carbon from the residual organic matter during the pre-culture processes.
Biological nitrate reduction to nitrite and chemodenitrification
The story of the reaction between Fe(II) and nitrate begins in 1966 (Chao and Kroontje 1966) . Although it was suggested that nitrate could be reduced by Fe(II) under acidic and aerobic conditions, it should be noted that the reduction of nitrate by Fe(II) only occurred at elevated temperatures (Chao and Kroontje 1966) . At environmental temperatures and under neutrophilic and anoxic conditions, the reaction between Fe(II) and nitrate was shown to not occur even though the reaction was thermodynamically feasible (Picardal 2012) . Although the redox potential of all Fe(III)/Fe(II) pairs, ranging from −314 mV to 14 mV, is more negative than that of all redox pairs in nitrate reduction pathway (NO 3 − /NO 2 − , +430 mV; NO 2 − /NO, +350 mV; NO/N 2 O, +1180 mV; N 2 O/N 2 , +1350 mV) (Kappler and Straub 2005) , it was confirmed that nitrate cannot be directly reduced by Fe(II) without a catalyst (Picardal 2012) . Chemical Fe(II) oxidation by a nitrate process can be accelerated by a number of catalysts, such as Cu 2+ , iron oxides and hydroxides, and even microbial surfaces (Postma 1990; Hansen et al. 1996; Picardal 2012) . Dissimilatory nitrate reduction to nitrite can be carried out by microorganisms from all three domains of life, all of which are found in anoxic environments with nitrate, including soils (VanCleemput and Samater 1996; Philippot, Hallin and Schloter 2007), marine sediments (Kraft et al. 2014 ) and the human gastrointestinal tract (Lundberg, Weitzberg and Gladwin 2008) . The reaction is catalyzed by either a membrane-bound nitrate reductase (NAR) or periplasmic nitrate reductase (NAP) (MorenoVivian et al. 1999) . Dissimilatory nitrate reduction to nitrite frequently occurs as the first step in denitrification by many microorganisms in marine sediments (Preisler et al. 2007; Tsementzi et al. 2016) . With its formation and depending on the geochemical conditions, such as temperature, organic matter concentration, pH and carbon sources, nitrite can accumulate to mM concentrations in the environment (Betlach and Tiedje 1981; Constantin and Fick 1997; Glass and Silverstein 1998; Kappler, Schink and Newman 2005; Weber et al. 2006a) . Nitrate reduction is a major source of nitrite for other nitrogen-cycling processes, and nitrite can be chemically reduced by Fe(II) (called chemodenitrification) (Lam et al. 2009 , Kampschreur et al. 2011 Tsementzi et al. 2016; Bristow et al. 2017) . Because it was widely reported that dissimilatory nitrate reduction can be coupled to the oxidation of iron (for example, in Ferroglobus placidus) (Weber, Achenbach and Coates 2006) in anoxic iron-bearing environments, the chemical reaction between Fe(II) and nitrite is essential for understanding the interaction of Fe(II) and nitrate, while the competition between biological nitrite reduction and chemodenitrification should be quantitatively evaluated (Klueglein and Kappler 2013) .
Chemical Fe(II) oxidation by nitrite in a microbe-Fe(II)-nitrate system has begun to attract a large amount of attention (Picardal 2012) . Actually, the chemical oxidation of Fe(II) by nitrite (chemodenitrification) was discovered several decades earlier. The homogeneous nitrite reduction by Fe(II) was mentioned in some studies (Chao and Kroontje 1966; Moraghan and Buresh 1976) . The roles of soil minerals and metallic cations in chemodenitrification were investigated, suggesting that Fe(II) could promote nitrite decomposition (Nelson and Bremner 1970) . In addition, regardless of the chemical or biological processes for Fe(II) oxidation, Fe(II)-Fe(III) intermediate minerals, such as green rust and siderite, may be produced (Melton et al. 2014b) . It has been proved that the structural Fe(II) in green rust and siderite can be rapidly oxidized by nitrite (Hansen, Borggaard and Sørensen 1994; Klueglein and Kappler 2013) . The effects of ligands on the Fe(II) oxidation process have also been explored, and the results suggested that strong organic ligands, such as citrate, can also substantially enhance the chemical oxidation of Fe(II) by nitrite in a microbe-Fe(II)-nitrate system (Kopf, Henny and Newman 2013); these findings are also be supported by the results of analyses of the kinetics, mechanisms and products of the abiotic reaction between nitrite and Fe(II) ligand compounds (Pearsall and Bonner 1982a; Pearsall and Bonner 1982b; Cleemput and Baert 1983) . Subsequently, the reactions between nitrite and Fe(II)-associated minerals (Fe(II)-silicates, Fe(II) adsorbed on lepidocrocite, green rust, siderite, hydrous ferric oxide and Fe(II)) were examined using different approaches, such as kinetic models and surface characterization (Cleemput and Baert 1983; Sørensen and Thorling 1991; Hansen, Borggaard and Sørensen 1994; Ottley, Davison and Edmunds 1997; Rakshit, Matocha and Coyne 2008; Tai and Dempsey 2008; Dhakal et al. 2013 ).
Despite the above-mentioned progress made in understanding the chemical reaction between Fe(II) and nitrite, the role of chemodenitrification in the NRFO system was highlighted only very recently. Picardal (2012) described previous abiotic studies in the context of microbial NRFO. Because of the rapid reaction between Fe(II) and nitrite, the relative contributions of both biotic and abiotic reactions were thoroughly evaluated in studies on microbial NRFO. The abiotic process for Fe(II) oxidation was specifically examined in the NRFO system with various denitrifying bacteria (Etique et al. 2014; Klueglein et al. 2014) . The stable isotopic analysis of N 2 O was used to distinguish chemodenitrification in an anoxic environment. N 2 O site preference was suggested as an approach to qualitatively distinguish between abiotic and biogenically emitted N 2 O in natural systems (Jones et al. 2015) . A dual nitrite isotopic investigation was also used as a powerful approach to characterize the production of N 2 O from chemodenitrification and biological processes (Buchwald et al. 2016; Grabb et al. 2017) . Using isotopic methods, the natural N 2 O production rates of chemodenitrification were determined, and these results suggested that chemodenitrification alone was sufficient to explain the high levels of N 2 O present in Lake Vida (Ostrom et al. 2016) . The N 2 O production mechanisms in intertidal sediments were investigated using isotopic approaches and microsensors in flow-through incubations. The results indicated that during incubations with elevated levels of nitrate, increased N 2 O fluxes were not mediated by direct bacterial activity but instead were largely catalyzed by fungal denitrification and/or abiotic reactions (e.g. chemodenitrification) (Wankel et al. 2017) . Chen et al. (2018) studied nitrate reduction coupled with Fe(II) oxidation by Pseudogulbenkiania sp. strain 2002 without any organic co-substrate through reaction kinetics, nitrogen isotope fractionation and secondary mineral characterization. Their results highlighted the involvement of biological and chemical Fe(II) oxidation by nitrite in NRFO processes. Liu et al. (2018) investigated the NRFO system by using the strain BoFeN1 and Pseudogulbenkiania sp. 2002 with Fe(II) and nitrate and established a kinetic model to quantify the relative contribution of biological processes and chemodenitrification. Their results suggested that, for nitrite reduction, the relative contribution of biological processes to nitrite reduction was higher than that of chemodenitrification; for Fe(II) oxidation, the relative contribution of the chemical process via nitrite to Fe(II) oxidation was higher than that of biological processes. These findings provide quantitative information on the chemodenitrification and biological reactions in the NRFO processes, which will aid in the mechanistic understanding of the global biogeochemical cycles of iron and nitrogen in subsurface environments.
Enzymatic Fe(II) oxidation coupled with nitrate reduction
Regarding the biological reactions involving Fe(II) and NO 3 − , it is unclear whether Fe(II) is enzymatically oxidized or is just chemically oxidized by the reactive N intermediates of heterotrophic nitrate reduction (Klueglein et al. 2014; Nordhoff et al. 2017) . Although there is no direct evidence to prove the existence of enzymatic Fe(II) oxidation in NRFO processes (Beller et al. 2013; Schaedler et al. 2017) , some indirect observations verifying the biological Fe(II)-oxidizing processes have been made (Rentz et al. 2007; Shelobolina et al. 2012) . It is very challenging to separate the chemical and biological processes in a microbe-Fe(II)-nitrate system (Schmid et al. 2014) , but the differences between the biological and chemical processes have been clearly distinguished according to their kinetics and N 2 O isotopic fractionation . Kopf, Henny and Newman (2013) successfully used a kinetic model approach to quantify the chemical Fe(II)-oxidizing process and prove that Pseudogulbenkiania sp. strain MAI-1 could biologically oxidize Fe(II) directly. Jamieson et al. (2018) found that nitrite alone could not explain the observed magnitude of Fe(II) oxidation, with 60%-75% of the overall Fe(II) oxidation attributed to an enzymatic pathway for the investigated strains. Peng et al. (Peng et al. 2018) found that the complexation of Fe(II) with OM (citrate, EDTA, humic acid and fulvic acid) inhibited microbial nitrate-reducing Fe(II) oxidation, and it was proposed that uncomplexed (inorganic) Fe(II) resulted in nitrite accumulation in the periplasm and outside the cells, whereas Fe(II)-OM complexes probably could not enter the periplasm resulting in less nitrite accumulation. Calculated relative contributions of chemical and biological processes to Fe(II) oxidation suggest that, although its relative contribution was low, enzymatic Fe(II) oxidation did play a role in Fe(II) oxidation, especially under conditions with very low concentrations of nitrate or nitrite. Despite the above evidence for biological Fe(II) oxidation, it remains unclear which protein(s) in NRFO bacteria are responsible for Fe(II) oxidation. The possible mechanisms that have been proposed for NRFO processes indicate that the electrons from Fe(II) are directly transferred to enzymes (Fig. 1) , such as a dedicated Fe(II) oxidoreductase, nitrate reductase, and cytochrome bc 1 complex (Einsle et al. 2002; Bird, Bonnefoy and Newman 2011; Carlson et al. 2012; 2016Han et al. 2016 2016Han et al. , 2017 Liu et al. 2017a) , and finally are accepted by nitrate or its intermediates (Liu et al. 2012; He et al. 2017) . The cytochrome c of strain 2002 was found to be reduced in vivo in the presence of Fe(II) and nitrate, suggesting that at least one type of cytochrome c might be involved in the electron transfer from Fe(II) to the respiratory chain (Ilbert and Bonnefoy 2013; Ishii et al. 2016) . Although no enzymes involved in NRFO processes have been clearly identified thus far (Laufer et al. 2016; Schaedler et al. 2017) , it was reported that c-type cytochromes (c-Cyts) of iron-oxidizing bacteria were very likely to be involved in the electron transfer between Fe(II) and cell membranes (Weber et al. 2009; Liu et al. 2012; David et al. 2013) . Hence, the characterization of c-Cyts and their roles in Fe(II) oxidation are essential for understanding the enzymatic Fe(II) oxidation processes (Han et al. 2016; Luo et al. 2017; Liu et al. 2017b) .
Based on the colored nature of c-Cyts, a new spectrophotometer with lower detection limits was recently developed, enabling the investigation of the redox dynamics of c-Cyts in an intact cell suspension (Blake II and Griff 2012; Blake II et al. 2016; Luo et al., 2017 Luo et al., , 2018 . Using this spectrophotometer, the reaction between Fe(II) and c-Cyts in NRFO bacteria (Strain 2002 and BoFeN1) could be successfully examined in the living cell suspension , which demonstrated the theoretical capability of taking electrons from Fe(II) into the cells via c-Cyts. Although the underlying mechanisms of the key proteins mediating electron transfer have not been well characterized, in situ spectroscopy is a very promising tool for identifying the enzymatic mechanisms, given the ability of this method to directly observe key proteins (c-Cyts) (Luo et al., 2017 . The role of cytochrome in the iron respiratory chain of this bacterium was highlighted from the redox transformation kinetics of c-Cyts. Popovic et al. (2010) demonstrated that c-Cyts oxidases of soil bacteria (Paracoccus denitrificans) were structurally and thermodynamically similar to the c-Cyts in phototrophic Fe(II)-oxidizing bacteria (Rhodobacter sphaeroides) (Croal, Jiao and Newman 2007; Jiao and Newman 2007) , indicating that the cytochrome c in NRFO bacteria might be an important factor representing the Fe(II) oxidation capacity. Although the c-Cyts was found to be involved in NRFO as indicated above, it is still uncertain whether the enzymatic Fe(II) oxidation via c-Cyts is linked with nitrate reduction processes from the specific electron transfer chain.
Environmental significance
The NRFO process has a role in the chemically and microbially mediated redox transformations of Fe species and N species. As shown in Fig. 2 , for Fe species, the redox cycles of Fe(II) and Fe(III) cause the transformation of iron minerals, resulting in the mobility and transformation of contaminants, such as heavy metals (As, Sb, U) and chlorinated organic compounds. For N species, nitrate reduction is directly related to the N contaminants in many natural or engineered water systems, and the production of the greenhouse gas N 2 O has potential impacts on global climate change. Therefore, a thorough understanding of the possible redox reactions between reactive N species and Fe will contribute to a better understanding of the link between the Fe and N cycles in natural environments.
The adsorption of heavy metals and radionuclides onto iron and manganese oxides has long been recognized as an important reaction for the immobilization of these contaminants Means, Crerar and Duguid 1978) . A potential bioremediation strategy for heavy metal and radionuclide stabilization in reducing environments could be developed based on Figure 2 . The environmental impacts of microbially mediated nitrate-reducing Fe(II) oxidation under anoxic conditions. Fe(II) can be oxidized via abiotic or microbial processes, resulting in the biogeochemical cycles of iron, contaminant transformation and heavy metal immobilization, whereas nitrate can be reduced to N2O and NO via abiotic or microbial processes, resulting in greenhouse gas emissions. NRFOB and FRB represent nitrate-reducing Fe(II)-oxidizing bacteria and Fe(III)-reducing bacteria, respectively. the recently described anaerobic NRFO by Dechlorosoma species. The results suggest that Dechlorosoma suillum oxidation of Fe(II) is a novel approach for the stabilization and immobilization of heavy metal and radionuclide in the environment (Lack et al. 2002) . Senn and Hemond (2002) reported that in urban Upper Mystic Lake (Massachusetts, USA), the cycling of arsenic (As) under anoxic conditions was strongly influenced by nitrate via oxidizing Fe(II) to produce As-adsorbing particulate hydrous ferric oxides and causing the oxidation of As(III) to As(V). In an anoxic, iron-reducing zone of a sandy aquifer at the USGS research site on Cape Cod, Massachusetts, USA, nitrate concentrations began to increase after Fe(II) concentrations had become negligible, and once extensive oxidation of Fe(II) began, As(V) was removed from the water close to the injection location by incorporation into hydrous Fe oxide precipitates (Hoehn et al. 2006) , highlighting the importance of NRFO to As immobilization. In paddy soils, the addition of nitrate reduced Fe(II) concentration in soil solution and led to high densities of NRFO microorganisms, resulting in much lower dissolved Fe(II) concentrations in the rhizosphere soil solution. It was suggested that the stimulation of NRFO bacteria could lead to As coprecipitation with, or adsorption to, Fe(III) minerals in the soil, resulting in reduced As uptake by rice (Chen et al. 2008) . The results from continuous flow sand-filled columns indicated that the microbial oxidation of As(III) and Fe(II) linked to denitrification resulted in the enhanced immobilization of aqueous arsenic in anaerobic environments by forming Fe(III) (hydr)oxide-coated sands with adsorbed As(V) (Sun et al. 2009 ). While the metabolism of anaerobic NRFO bacteria is not significantly affected by arsenate, the NRFO bacteria effectively immobilized arsenic during Fe(II) oxidation (>96%), lowering the remaining dissolved arsenic concentrations to values close to or even lower than the current drinking water limit of 10 μg/L (Hohmann et al. 2010) . The potential of the synchronous removal of nitrate and arsenite from water by a single anaerobic nitrate-reducing Fe(II) oxidizing Citrobacter freundii strain, PXL1, was assessed, revealing that the anaerobic NRFO bacteria are promising microbes for the in situ remediation of nitrate and arsenite contaminated groundwater (Li et al. 2015) . Wang et al. (2018) reported that the simultaneous application of Fe(II) and nitrate effectively decreased As accumulation in rice plants by enhancing As oxidation/immobilization mediated by abiotic/biotic Fe redox transformation and mineralization, and the findings provided insights into the Fe/N/As biogeochemical cycles and are important from the view of the agronomic management of As toxicity and mitigation in Ascontaminated paddy fields.
Although nitrate respiration has long been recognized as a common process in microorganisms (Castresana and Saraste 1995; Ducluzeau et al. 2009 ), the impacts of Fe(II) oxidation on nitrate reduction and greenhouse gas emission (i.e. N 2 O) have been scarcely reported because of the poor understanding of nitrogen transformation via biological and abiotic processes. Although these abiotic N 2 O production pathways have been known to occur for close to a century, they are often neglected in modern ecological studies, so it is necessary to consider the importance of abiotic reactions for N 2 O production (Zhu-Barker et al. 2015) . A preliminary hypothesis (the ferrous wheel hypothesis) was proposed in which the abiotic immobilization of nitrate in forest soils was that, the reactive Fe(II) species could reduce nitrate to nitrite, and subsequently nitrite reacted with dissolved organic matter to produce dissolved organic nitrogen (Davidson, Chorover and Dail 2003) . Although it was unclear how the abiotic and biotic reactions occurred, the findings emphasized the existence and importance of NRFO in the well-recognized N cycle story. The Fe-N interaction was further mentioned in the dynamics of iron and nitrogen cycling in sediments from riparian forests (Clement et al. 2005 ). An investigation into abiotic nitrite reduction by Fe(II) was conducted with dual (N and O) isotope systematics under a variety of environmental conditions. The findings suggest that nitrite reduction by Fe(II) may represent an important abiotic source of environmental N 2 O, especially in iron-rich environments experiencing dynamic redox variations (Buchwald et al. 2016) . In the recent review by Doane (2017) , it was recommended that the natural chemical nitrogen cycle, analogous to the familiar biologically driven cycle, should be re-evaluated in future studies. NRFO has been observed in ferruginous deep oceans, and incubation experiments showed that a modern ferruginous basin, Kabuno Bay in East Africa, supported high rates of nitrate reduction. Nitrate reduction was Fe dependent, demonstrating that such reactions occur in natural ferruginous water columns (Michiels et al. 2017) . Wankel et al. (2017) further showed that during incubations with elevated levels of nitrate, increased N 2 O fluxes were not mediated by direct bacterial activity but instead were largely catalyzed by fungal denitrification and/or abiotic reactions (e.g. chemodenitrification), especially in redox-dynamic sediments of coastal ecosystems.
Research needs
In previous studies on NRFO processes, biological Fe(II) oxidation was usually overestimated, while chemical Fe(II) oxidation by nitrite was largely overlooked, and hence, the NRFO system needs an updated interpretation to understand the underlying mechanisms. Despite the current progress on NRFO bacteria and the Fe(II)-nitrate interaction, there remain major challenges in unraveling and understanding the intricate and coupled processes that control NRFO processes. The future research needs are detailed below.
Other NRFO bacteria
The current model strains for NRFO processes focus on just the strains that can simultaneously couple NRFO. Actually, many microorganisms have an innate capacity for nitrate reduction to nitrite or other nitrogen species, which can further oxidize Fe(II) abiotically. Hence, the coupling of NRFO could definitely occur in the presence of other widespread denitrification strains. A more detailed survey of other direct or indirect Fe(II) oxidizers via nitrate reduction will aid in comprehensively understanding the natural interaction between NRFO.
Linking enzymatic Fe(II)-oxidation and nitrate reduction
Although enzymatic Fe(II) oxidation has been directly or indirectly observed and some proteins (e.g. cytochrome c) have been proposed as the key Fe(II)-oxidizing factors, no direct evidence has been found to prove the existence of enzymatic Fe(II)-oxidation directly coupled with nitrate reduction. Proteomic and molecular biological techniques (e.g. gene-knockout, mutant deletion, identification and purification of functional proteins) can be used to identify the key Fe(II) oxidase and electron transfer chains in the microbe-Fe(II)-nitrate system. Finding evidence of complete electron transfer chains for the biological reactions between Fe(II) and nitrate would help in linking enzymatic Fe(II)-oxidation and nitrate reduction.
Evaluating the relative contributions of chemical and biological processes
The importance of the chemical reaction between Fe(II) and nitrite (chemodenitrification) should be highlighted in future studies on NRFO processes, and a more quantitative evaluation is needed to distinguish the chemical and biological processes for Fe(II) oxidation in the microbe-Fe(II)-nitrate system. Iron and nitrogen stable isotope fractionation is a potentially useful technique for distinguishing and quantifying the biological and chemical reactions. Elementary kinetic modeling approaches might be ideal for quantitatively evaluating the contributions of the biological and chemical processes involved in NRFO processes.
CONCLUSIONS
NRFO processes under anoxic conditions were systematically reviewed according to three aspects, including (i) the functional bacteria that couple NRFO, (ii) the biological nitrate reduction to nitrite and the following chemodenitrification between Fe(II) and nitrite and (iii) the plausible enzymatic Fe(II) oxidation coupled with nitrate reduction. Most NRFO functional bacteria have been identified as heterotrophs and mixotrophs, which need organic (co)-substrates, while just a few strains and cultures have been found to be autotrophs. Nitrate reduction to nitrite was predominantly determined to occur by biological denitrification, but chemodenitrification was considered to play a key role in nitrite reduction in the presence of Fe(II). Although enzymatic Fe(II) oxidation has been proposed according to recent studies using experimental and modeling approaches, direct protein evidence for the electron transport chain from Fe(II) to nitrate is still lacking. The future research needs are focused especially on quantitatively understanding the contributions of biological and chemical processes to NRFO processes.
